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 ABSTRACT 
 The incorporation of a bioactive inorganic phase in polymeric scaffolds is a 
good strategy for the improvement of the bioactivity and the mechanical properties, 
which represent crucial features in the field of bone tissue engineering. In this study, 
spray-dried mesoporous bioactive glass particles (SD-MBG), belonging to the binary 
system of SiO2-CaO (80:20 mol. %), were used to prepare composite scaffolds by 
freeze-drying technique, using a silk fibroin matrix. The physico-chemical and 
biological properties of the scaffolds were extensively studied. The scaffolds showed 
a highly interconnected porosity with a mean pore size in the range of 150 µm for 
both pure silk and silk/SD-MBG scaffolds. The elastic moduli of the silk and silk/SD-
MBG scaffolds were 1.1±0.2 MPa and 6.9±1.0 MPa and compressive strength were 
0.5±0.05 MPa and 0.9±0.2 MPa, respectively, showing a noticeable increase of the 
mechanical properties of the composite scaffolds compared to the silk ones. The 
contact angle value decreased from 105.3º to 71.2º with the incorporation of SD-
MBG particles. Moreover, the SD-MBG incorporation countered the lack of 
bioactivity of the silk scaffolds inducing the precipitation of hydroxyapatite layer on 
their surface already after 1 day of incubation in simulated body fluid. The composite 
scaffolds showed good biocompatibility and a good alkaline phosphatase activity 
toward human mesenchymal stromal cells, showing the ability for their use as three-
dimensional constructs for bone tissue engineering. 
 
Keywords: Silk fibroin, Mesoporous bioactive glass, Composite scaffolds, Bone 
tissue engineering. 
 
 1. Introduction 
Bone is a connective tissue with high mechanical resistance derived by its unique 
design, in which cells are encased in a composite matrix essentially formed by 
inorganic apatite mineral phase and the organic phase of collagen [1]. The field of 
bone tissue engineering relies on biomaterial constructs that can offer a valid 
alternative for the current gold standard treatment i.e. autologous grafts. Scaffolds act 
as an engineered three dimensional (3D) porous structure that mediates cellular 
behavior and function, stimulating the replacement and regeneration of injured tissue 
and delivering biological molecules to the site of interest[2]. The design of 
bioartificial scaffolds which can combine the properties of organic and inorganic 
materials, is the aim of the biomimetic strategy in the field of bone tissue 
engineering[3]. 
Bombyx mori silk is also termed as mulberry silk. It is made up of globular glue like 
hydrophilic sericin coated over silk fibroin fibers. The sericin is a highly hydrophilic 
protein, which covers the silk fibroin fibers. It consists of 18 amino acids and has a 
molecular weight ranging from 24 to 400 kDa. The high solubility of sericin in 
aqueous solution limits its application in biomedical field[4,5]. Biopolymers have a 
low mechanical stability, hence improving the mechanical properties of the 
biopolymers is essential. Silk fibroin from Bombyx mori is a natural biopolymer made 
up of 45.9% glycine, 30.3% alanine, 12.1% serine, 5.3% tyrosine, 1.8% valine, and 
only 4.7% of the other 15 amino acid types[6]. The recognized ability of silk fibroin 
for the fabrication of scaffolds, both by aqueous and organic solvents, made it a 
special material in tissue engineering as it is one of the few FDA approved 
biomaterial[7]. Silk fibroin is widely used in biomedical applications both in the form 
of films[8] and 3D constructs[9], for different applications such as micropattering[10] 
and microfluidics[11], implants[12] and drug delivery vehicles[13]. The ß- sheet 
content and morphology of silk fibroin can be controlled by different post processing 
techniques such as ethanol treatment /autoclaving and their treatment time which help 
in modulating the crystal composition, structure, mechanical properties and the 
degradation rate. [14] However, the lack of bioactivity limited its use for the 
production of device for bone repair.  
 To overcome the lack of bioactivity, silk can be combined with inorganic 
bioactive materials such as calcium phosphate, hydroxyapatite and bioglass. Silk/nano 
calcium phosphate based composite scaffolds has shown good in vitro 
biocompatibility [15] and no degree of inflammation after 3 weeks of implantation in 
vivo with bone cells growing directly on the surface of the scaffolds[16]. 
Silk/hydroxyapatite composite scaffolds acted as a platform for the formation of new 
bone tissue thanks to the osteoconductivity of the material that resulted in increased 
bone matrix production and secondly, by providing nucleation sites for the newly 
formed minerals[17][18]. On the other hand mesoporous bioactive glasses (MBGs) 
has been proposed for the preparation of silk-based composite scaffolds[19–22].  
 MBGs, developed in 2004 by Yan et al. [19], are glasses with composition 
similar to the conventional sol-gel glasses (SiO2-CaO-P2O5 or SiO2-CaO) that present 
ordered mesoporous channels (pore size ranging from 5 to 20 nm). Due to their high 
surface area and high pore volume MBGs induce accelerated bioactive responses and 
show the possibility to incorporate drug molecules, that can be subsequently released 
[20, 21]. In the last decade, the role of mesoporous materials became significant in 
biomedical field and they were utilized as an effective drug delivery system[23] and 
as bone fillers[24]. Low mechanical strength and high brittleness with faster 
degradation rate are the major limiting factors that affect their employment in bone 
repair. MBGs have been conventionally produced by the combination of sol-gel 
technique, surfactant templating and evaporation induced self assembly (EISA), 
requiring a final step of grinding and sieving to obtain them in form of irregular 
shaped powders [19,21,22,25]. 
Wu et al. coated MBG scaffolds using silk, by incubating the MBG (molar ratio: 
Si/Ca/P = 80/15/5) scaffolds in silk solution, showing improved attachment, 
proliferation and differentiation of Bone Mesenchymal Stem Cells (BMSC). The 
stable ß- sheet structure of silk fibroin improved the relatively unstable MBG 
interface to support BMSC[21]. The in vivo osteogenic capacity of the same 
composite silk/MBG scaffolds was excellent in calvarial defects of mice[20].  A 
similar scaffold was utilized in calvarial defects to investigate drug delivery showing 
enhanced drug loading efficiency and release rate in vitro and promoted bone 
formation in vivo [26].  
 There is vast research interest in exploiting high surface area inorganic 
materials to improve the mechanical and biological property of composite materials. 
The chemical composition and shape of the inorganic phase play an important role on 
the final composite scaffold properties. The needle shaped calcium phosphate 
minerals improved the bioactivity and mechanical property of polymer based 
scaffolds[27]. Likewise, nanofiber morphology of bioglass showed to have greater 
bioactivity and mechanical stability compared with conventional bioglass[28]. 
Interestingly, spherical shaped bioactive glass microspheres showed to improve the 
mechanical and bioactivity of polymeric 2D structures[29]. Very recently aerosol-
assisted methods have been proposed for the synthesis of mesoporous bioactive glass 
particles allowing the obtainment of highly reproducible spherical shaped micron 
sized particles. The mean size and size distribution can be tuned acting on the 
composition and process parameters, in contrast to MBGs obtained by conventional 
EISA method, which are obtained with more time-consuming processes and result in 
glass powders with irregular shape and larger, not homogeneous size after grinding 
[30]. The prepared spray dried mesoporous bioactive glass particles (80:20 mol% 
SiO2: CaO) have proved to improve the mechanical strength and the bioactivity of an 
injectable composite cement based on a calcium sulphate matrix [31]. 
 In the present work, spray-dried mesoporous bioactive glass spherical particles 
with size in the range of few microns with narrow size distribution, prepared by 
combining sol-gel process and aerosol assisted spray-drying technique [24] (SD-
MBG, 80:20 mol% of SiO2: CaO), were used for the first time to prepare composite 
silk-based scaffolds by freeze-drying. The spherical SD-MBG particles were used as 
the reinforcing inorganic phase in the polymer matrix. The possibility to control the 
particle morphology (i.e. size and shape) and its mesostructure is important for the 
development of more reproducible materials to be used as drug delivery system or as 
reinforcing phase in composite materials. The silk/SD-MBG composite scaffolds 10:1 
(weight/weight) (Silk/SD-MBG) were characterized for their physico-chemical and 
mechanical properties. The bioactivity and biocompatibility of the composite 
scaffolds were also studied to evaluate the efficacy of the construct for bone tissue 
engineering. 
 
2. Materials and Methods 
2.1 Materials 
 
Silk cocoons of Bombyx mori were obtained from the Department of Sericulture, 
University of Mysore, Karnataka. Sodium carbonate (Na2CO3, ≥99.5%), calcium 
chloride (CaCl2, ≥95%), ethanol (C2H5OH, ≥99.8%) and dialysis tubing cellulose 
membrane (MWCO - 14000) were purchased from Sigma-Aldrich. All chemicals 
used for SD-MBG synthesis were purchased from Sigma-Aldrich. All materials and 
chemicals were used as received, without any additional purification. 
2.2 Methods 
2.2.1 Preparation of the regenerated silk fibroin (RSF) solution  
 5g of Bombyx mori cocoons were cut into small pieces and boiled in 2L of 
0.02M sodium carbonate solution for 40 minutes. The fibroin threads obtained, 
devoid of sericin, was thoroughly washed with deionized water and dried overnight. 
The dried fibroin was dissolved with 9.3 M lithium bromide solution at 70°C for 4 
hours. The viscous sol obtained after dissolution was dialyzed against deionized water 
for 48 hours to remove the salts. 0.5mL of the obtained regenerated silk fibroin (RSF) 
solution was placed in a weighing boat and allowed to dry overnight under hood at 
room temperature to estimate the concentration of the solution, and, if needed, 
adjusted to be 6% (w/v) by diluting with deionized water[32].  
2.2.2 Synthesis of spray-dried mesoporous bioactive glass (SD-MBG) 
 SD-MBG was synthesized by combining the sol–gel method with the aerosol-
assisted spray drying technique using the protocol reported elsewhere [31]. The sol 
was prepared by dissolving 2.2 g of Pluronic P123 in 8.0 g of ethanol while 10.4 g of 
TEOS (tetraethyl orthosilicate) were pre-hydrolyzed for 20 minutes with 5.4 g of 
diluted hydrochloric acid (pH 2) and 12.0 g of ethanol. The two solutions were mixed 
together and stirred for 20 minutes, while 2.95 g of calcium nitrate tetrahydrate 
(Ca(NO3)2 .4H2O, CaNT) was pre-dissolved in 3.4 g of ethanol. Finally, the CaNT 
solution was poured into the prepared sol. This final solution was mixed for at least 
20 minutes before spraying, using the Mini Spray-Dryer B-290, equipped with the 
Inert-Loop B-295 (both from Büchi), needed when using flammable solvents. The 
collected powder was calcined at 700 ºC for 5 hours. SD-MBG particle morphology 
was analyzed with field emission scanning electron microscope (FESEM – SUPRATM 
40, Zeiss) equipped with Energy Dispersive Spectroscopy (EDS). 
2.2.3 Preparation of composite scaffolds by freeze-drying 
 For the preparation of the composite silk/SD-MBG scaffolds, 0.1g of SD-
MBG powders was dispersed in 2 mL of deionized water and sonication was 
performed at 55% amplitude for 30 minutes. The RSF solution (6% w/v) was added to 
the dispersed SD-MBG powders (silk:SD-MBG ratio 10:1wt/wt) and sonicated for 10 
minutes at 20% amplitude. Silk scaffold, obtained from 6% w/v RSF solution were 
used as control. The silk/SD-MBG and silk solutions were poured into polystyrene 24 
well tissue culture plates (2.5 mL for each scaffold), allowed to dry overnight at 20 °C 
and then freeze-dried for 3 days to obtain porous scaffolds. The scaffolds were then 
treated with 70%(v/v) ethanol for 10 minutes to induce stable ß- crystalline structures. 
The procedure is briefed in Fig.1. 
2.3 Characterisation methods 
2.3.1 Characterisation of SD-MBG powders 
Nitrogen adsorption measurements at 77 K were performed using a Quantachrome 
Autosorb 1. Samples were outgassed at 423 K for 5 hours before analysis. BET 
specific surface areas have been calculated in the relative pressure range 0.04–0.1 and 
the pore size has been evaluated through the DFT (Density Functional Theory) 
method.  
Particle size distribution of the sprayed sample was measured using a Particle Sizer 
Malvern 3600D particle size analyzer. Before the analysis the powders were dispersed 
in water and sonicated for 10 min.  
  
2.3.2 Characterisation of the porous scaffolds 
2.3.2.1 Attenuated Total Reflectance –Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) 
 Attenuated Total Reflectance –Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) was performed in the range of 4000-600 cm−1 using Perkin Elmer 
Spectrum 100 UATR KRS5 (Perkin Elmer, Milan) equipped with diamond crystal. 
The samples were placed over the crystal and pressed to optimum level to obtain the 
spectrum. The spectrum, obtained as a result of 16 scans with a resolution of 4 cm−1, 
was analyzed with the Perkin Elmer Spectrum software. 
2.3.2.2 Porosity Measurement  
The height and diameter of the samples were precisely measured by digital caliper at 
various points of the sample and the average values were used for the calculation of 
the scaffold volume. The porosity of the scaffolds was evaluated by geometrical 
weight–volume method calculated with the following formula.  
% Porosity = [(Vp/Vs)*100] % 
Vp= (Vs-Vm) 
Vm=(Ws/ ρsilk) 
where Vp is the volume of the pores, Vs is the volume of the sample (pores and 
material), Vm is the volume of the material in the sample, Ws is the weight of the 
sample, ρsilk is the density of the silk. 
Density of the silk is reported as 1.355 g ∙cm-3[33]. The presence of the inorganic 
phase was not considered in the calculation as the density of the mesoporous bioactive 
glass is not precisely known and difficult to evaluate but it is not much dissimilar to 
the silk one. The analysis was repeated for at least four samples. 
 
 
2.3.2.3 Field Emission Scanning Electron Microscope (FESEM) 
 Field emission scanning electron microscope (FESEM – SUPRATM 40, Zeiss) 
equipped with Energy Dispersive Spectroscopy (EDS) was utilized to analyze the 
scaffold morphology. The scaffolds were sliced with razor blade into small cube piece 
with the volume in the range of 2 mm3, fixed on the aluminum stub using carbon tape 
and sputter coated with silver.  
For pore size evaluation, 20 random pores from at least 3 FESEM images were 
analyzed by ImageJ software. 
2.3.2.4 Micro-Computed Tomography (micro-CT) 
 The scaffolds were studied by micro computed tomography (micro-CT, 
Skyscan 1174v2) to investigate their structure and the dispersion of the mesoporous 
powder in the composite samples. For the analysis 50 kV, 800 µA, 1200 ms of 
exposure time and 6.5 µm of resolution were used. The 3D structure of the scaffolds 
was reconstructed using NRecon software. 
2.3.2.5 Contact angle measurement 
 The scaffolds were sliced in disc shaped pieces with razor blade to obtain an 
even surface. 5mL disposable syringe is used to trickle a drop of water on the evenly 
cut surface of the scaffold. The droplet was imaged with the camera attached with hot 
stage microscopy. The image is processed with dropsnake analysis plugin of ImageJ 
1.48V software to obtain the contact angle. Minimum of five analyses was performed 
on each sample. 
  
 
2.3.2.6 Mechanical Analysis 
 The mechanical properties of the composite and silk scaffolds were measured 
through compression test performed using a mechanical testing machine (MTS, 
QTest/10). Test specimens were cylinder-shaped scaffolds with 14 mm diameter and 
an average height of around 10 - 12 mm measured by means of a digital caliper. Five 
samples were evaluated for each type of scaffold. The samples were tested at room 
temperature. A 500N load cell was utilized to perform the analysis. The crosshead 
speed was set at 0.6 mm∙min –1 and the load was applied until the specimen was 
compressed to approximately 80% of its original length. The compressive stress–
strain curves were thus obtained and the average elastic modulus (E*), collapse 
modulus (E’), collapse strength (σ*) and strain (ε*) with standard deviation were 
calculated for each sample type. The elastic modulus was determined as the slope of 
the initial linear elastic region of the stress–strain curve, while the collapse modulus 
as the slope of the collapse plateau region. The collapse strength and strain were 
determined as the maximum force at the yield point (i.e. end of the elastic region). At 
least five analyses were performed on each sample type. 
2.3.2.7 In vitro bioactivity test 
 The silk/SD-MBG and silk cylindrical scaffolds were sliced with razor blade 
into 2 mm thick disks (about 14 mm diameter). The disks were cut in half and the 
obtained samples were soaked into simulated body fluid (SBF) up to 28 days at 37 ºC. 
SBF was prepared by the protocol reported elsewhere[34]. The refresh of SBF 
solution was performed twice a week in order to simulate the natural turnover of the 
physiological fluids. The samples were removed from SBF at various time intervals (3 
hours, 1 day, 7 days, 14 days and 28 days), gently washed with deionized water and 
allowed to dry at room temperature. The samples were then analyzed with FESEM 
and ATR-FTIR to study the formation of hydroxyapatite. 
2.3.2.8 In vitro cell test 
 In vitro cell tests were performed on both silk and silk/SD-MBG scaffolds. 
Before cell seeding, samples (φ~ 1.2 cm diameter discs) were sterilised under UV 
light for 4 hours (each side) in 24-well plates, washed several times in PBS, and 
incubated with 0.5 mL foetal calf serum (FCS) for 30 minutes. The FCS was then 
discarded. Bone marrow stromal cells (BMSCs) from rats were grown in a controlled 
atmosphere (5 % CO2; T= 37 °C) in Iscove’s modified Dulbecco’s medium (DMEM) 
supplemented with 10 % foetal calf serum (Sigma-Aldrich), 2 mM L-glutamine 
(Sigma-Aldrich), penicillin (100 U/mL), and streptomycin (100 μg/mL; Sigma-
Aldrich) and 0.1 mM nonessential amino acids (NEAA, Lonza, UK) for 1 week. Cells 
from up to two passages were used for all experiments. A total of 50,000 cells for 
each scaffolds were seeded onto the film specimens in 1 ml DMEM and allowed to 
adhere and proliferate up to 6 days. 
 After culturing cells for 1, 3 and 6 days, the medium was removed and the 
sample were transferred to new multiwell plates; 10 % PrestoBlue solution (5 mg/mL 
in DMEM; Fisher Scientific) was added to the cell monolayers; the multiwell plates 
were incubated at 37 °C for an additional 1 h. After discarding the supernatants, the 
dark blue solution was removed (0.2 mL) and quantified spectrophotometrically at 
560 nm (Leica DM2500). The results are reported as fluorescent unit. The mean and 
the standard deviations were obtained from five different experiments. 
The BMSCs differentiation was studied after 41 days of cell seeding in osteogenic 
cell culture medium (added after 7 days of cell culture with the same composition of 
the standard medium plus 50 μg/mL ascorbic acid (Sigma-Aldrich), 10 mM β-
glycerophosphate (Fluka Biochemika) and 10–8 M dexamethasone (Sigma-Aldrich)). 
ALP activity was measured by incubating 100 µL of each samples with 0.5 mL 
alkaline buffer solution (Sigma-Aldrich) and 0.5 mL of stock substrate solution (40 
mg p-nitrophenyl phosphate disodium, Sigma-Aldrich), diluted in 10 mL of distilled 
water, at 37 °C for 1 h. Production of p-nitrophenol in the presence of ALP was 
measured by monitoring light absorbance of the solution at 410 nm using a Perkin 
Elmer Lambda 25 UV/Vis Spectrometer. The mean and the standard deviation were 
obtained from three different experiments. Alkaline phosphatase absorbance values 
were normalised for cell number calculated using the PicoGreen® dsDNA reagent 
(Invitrogen, USA). 
3.Results 
 
3.1 Spray dried mesoporous bioactive glass 
FESEM image of the sprayed MBG (Fig. 2) shows well defined, smooth and slightly 
aggregated micrometric spheres, mostly ranging between 2 μm and 5 μm. No 
collapsed or broken spheres are observed. The EDS analysis carried out on the sample 
confirms a Si/Ca ratio, as average of three measurements, of 3.7, very close to the 
nominal ratio used in the synthesis.  
A type IV N2 sorption isotherm is observed for SD-MBG, with a hysteresis loop 
corresponding to the filling of mesopores (Fig. 3). Related specific surface area, 
obtained by BET model, average pore size and pore volume resulted to be 
respectively ca 215 m2 g−1, ca 5 nm and 0.21 cm3 g−1. 
Particle size analysis on SD-MBG (Fig. 4) confirmed the narrow size distribution of 
the powders, centered at mean diameter of 2.7 µm, with a minor contribution due to 
aggregates at around 10-12 µm.  
 
3.2 Physico Chemical Characterization of porous scaffolds 
 
 The process of freeze-drying was utilized in this study for the preparation of 
silk and composite silk/SD-MBG scaffolds as shown in Fig.1. FESEM analysis was 
used to study the scaffold morphology as a function of silk and DS-MBG 
concentration. The cross-sectional FESEM images of 6% silk scaffolds and silk/SD-
MBG composite scaffolds prepared by freeze-drying technique are shown in Fig. 5. 
The interconnected porous 3D architecture was observed in both silk and silk/SD-
MBG composite scaffolds with the pore size of 145 ± 20 µm and 153 ± 23 µm, 
respectively.  
 The porosity of the scaffolds was evaluated by geometrical weight–volume 
method by finding the volume of the scaffolds with the height and diameter of the 
scaffolds. The mean porosity value of silk and silk/SD-MBG composite scaffolds was 
88.8±0.5 vol. % and 89.5±0.1 vol. % respectively, showing very high porosity of the 
scaffolds. There is no significant variation in porosity between the two scaffolds. Silk 
scaffolds showed smooth trabeculae (Fig. 5b) whereas the composite scaffold showed 
the SD-MBG particles embedded in the trabeculae (Fig. 5d) and hence an increase in 
surface roughness. The SD-MBG addition did not cause significant variation of pore 
size and porosity of the scaffolds.  
         Furthermore, the scaffolds were also analysed with micro-CT to study their 3D 
architecture. In Fig. 6 it is possible to see both the reconstructed 3D volume and the 
projections in the three planes of the silk (Fig. 6a) and silk/SD-MBG composite (Fig. 
6b) scaffolds. Micro-CT results demonstrated that the scaffolds showed highly 
interconnected porosity; however it was possible to verify, under the limitation of 
micro-CT resolution (6.5 µm), that there were no agglomerates of glass spheres, 
indicating homogeneous distribution of SD-MBG particles in the composite scaffolds. 
 ATR-FTIR spectra of 6% silk and silk/SD-MBG composite scaffolds before 
and after ethanol treatment are reported in Fig.7. Infrared absorption spectrum of the 
scaffolds shows characteristic absorption peaks assigned to the peptide bonds (–
CONH–) that give rise to amide I, amide II and amide III signature peaks. Amide I 
band (1700-1600 cm-1) of the vibrational spectra represents CO stretching; amide II 
band (1540-1520 cm-1) is attributed to the bending of NH band associated with CN 
stretching and amide III (1300-1220 cm-1) is due to the in phase combination of CN 
and CO stretching[35]. The amide I, amide II and amide III band for untreated silk 
and silk/SD-MBG based scaffolds were seen in 1642 cm-1, 1520 cm-1 and 1230 cm-1 
respectively. After ethanol treatment, FTIR spectra of amide I, amide II and amide III 
band shifted to 1620 cm-1, 1510 cm-1, 1220 cm-1 respectively. There is a presence of 
peak in at 1700 cm-1 exclusively for ethanol treated samples.  
 Fig.8 shows an example of the stress-strain curve obtained for silk and 
silk/MBG (10/1) composite scaffolds by the excessive compression test at strain of 0-
80%. The scaffolds underwent densification upon compression and did not show any 
fracture in the material. The curves were classified in three distinct regions: linear 
elastic, collapse plateau, and densification regimes[36]. The values of elastic modulus 
(E*), collapse modulus (E’), collapse strength (σ*) and strain (ε*) were calculated 
from the stress-strain curves and are listed in Table I. The elastic moduli of the silk 
and silk/SD-MBG scaffolds are 1.1±0.2 MPa and 6.9±1.0 MPa and compressive 
strength are 0.5±0.05 MPa and 0.9±0.2 MPa, respectively, showing a noticeable 
increase of the composite scaffolds compared to the silk ones. 
 The surface wettability of the scaffolds was assessed by measuring the 
contact angle through water spread by a droplet on the surface of the scaffolds. The 
contact angle of the silk and the silk/SD-MBG composite scaffolds were 105.3º±1.6º 
and 71.2º±2.9º respectively as shown in Fig. 9. The silk/SD-MBG composite 
scaffolds showed a significant decrease in contact angle compared to the silk 
scaffolds that is attributed to the improved hydrophilicity of the sample with respect 
to SD-MBG addition. 
 
3.4 In vitro bioactivity test 
 The formation of HA on silk/SD-MBG scaffolds was evaluated with FESEM 
analysis (Fig. 10). HA was visible on the SD-MBG particles after 1-day of incubation 
(Fig. 10a) and a progressive increase in the amount of HA precipitation were 
observed with increasing immersion time. Scaffolds incubated for 28 days showed 
maximum deposition of hydroxyapatite over the scaffold (fig 10e). As expected there 
is no hydroxyapatite formation on pure silk scaffolds as it lacks bioactivity (Fig. 10f). 
The pH of the SBF remained in the range of 7.5 during the whole SBF test for both 
silk and composite scaffolds. The FTIR analysis performed for the composite 
scaffolds after SBF treatment showed three main bands (1035 cm-1, 600 cm-1, 561 cm-
1) attributed to phosphate group of the precipitated hydroxyapatite and a significantly 
increase in intensity was found between day 1 (Fig. 11d) and day 28 (Fig. 11e). 
Likewise, peaks were observed at 1530 – 1400 cm-1 and 880 cm-1 that were attributed 
to the C-O stretching vibrations and C-O out of plane vibrations respectively[37]. Fig. 
11c shows the FTIR spectra of silk scaffolds after 28 days of SBF immersion where 
there is no characteristic phosphate peak. Fig 11a and 11b are the spectra pertaining to 
the SD-MBG powders and silk/SD-MBG scaffolds without any SBF treatment, 
respectively. EDX analysis was performed to study the presence of calcium and 
phosphate and the results confirmed the atomic % ratio of calcium to phosphate is 
1.63. Fig 13 b shows the area spectrum of the 14-day silk/SD-MBG scaffolds soaked 
in SBF. There is a presence of calcium and phosphate peak that confirms the presence 
of hydroxy apatite and visible sodium and chloride peak that maybe due to the 
residual ions from SBF. The point spectra obtained for the silk/SD-MBG scaffolds 
(Fig 12 a & b) after a day of immersion confirm that the formed flower shaped 
precipitation over the scaffolds are hydroxy apatite and the Ca/P molar ratio was 
found to be 1.63 which is in close proximity with the biological apatite’s molar ratio 
of 1.67.  
 
 
 
3.5 In vitro cell test 
Presto Blue assay was used to evaluate the cells viability on tissue culture plates, 
which was used as control and on scaffolds with and without incorporation of SD-
MBG powders. The test showed an increase of cell viability along the cell incubation 
period (Fig. 13). Cell adhesion shows no significant differences between the porous 
scaffolds at 24 h incubation. The presence of mesoporous glass on the composite 
scaffold surface enhanced significantly the cell viability compared to their pure 
counterparts, based on silk, as observed after 3 and 6 days of incubation (relative 
fluorescence units for porous scaffolds with and without SD-MBG incorporation were 
6657 ± 334 and 6018 ± 129 after 7 days of cells seeding). Moreover, the presence of 
the SD-MBG particles resulted in slightly lower cell viability compared to the control, 
polystyrene tissue culture plates, after 4 days (RFUs for the control and the composite 
scaffold were 6428 ± 241 and 5794 ± 252 respectively) of cell seeding, showing good 
biocompatibility of the silk/SD-MBG scaffolds. This also confirms that the processes 
of migration, adhesion and proliferation within the porous scaffolds were not 
interfered. 
Alkaline phosphatase activity was measured to assess the differentiating osteogenic 
activity of the cell constructs. This test is based on the production of p-nitrophenol in 
the presence of ALP, measured by monitoring light absorbance of the solution at 410 
nm, using a spectrophotometer. As shown in Fig. 14, the higher ALP activity detected 
in silk/SD-MBG samples in comparison with pure silk scaffolds is related to a 
positive effect of the addition of the MBG particles, causing a statistically significant 
increase from 0.108 ± 0.037 to 0.248 ± 0.056 after 14 days of cell culture. 
 
 
4. Discussion 
 Fabrication of 3D bone substitutes by combining the natural polymer and 
bioceramic as found in bone can provide massive benefits both in mechanical and 
biological perspective. In this study, we utilized SD-MBG as a means of 
reinforcement for improving the mechanical and biological properties of the 
biodegradable 3D silk fibroin based scaffolds. Mesoporous bioactive glass particles 
with spherical shape and narrow size distribution with the mean size of 2.7 µm were 
successfully synthesized by combining the sol–gel method with the aerosol-assisted 
spray drying technique. The spherical morphology allowed the SD-MBG particles to 
be dispersed uniformly in the silk fibroin matrix, which is evident from the micro-CT 
as there were no agglomerates of glass spheres, indicating homogeneous distribution 
of SD-MBG particles in the composite scaffolds whereas the homogeneous 
distribution is not evident for conventional bioactive particles[29].  
For bone tissue engineering, the porosity, pore size and pore distribution are the key 
factors that enhances the process of in vivo osteogenesis[38]. The scaffold porosity is 
influenced by the preparation methods. Typically scaffolds prepared by freeze-drying 
technique have shown porosity values in the range of 99 vol.%[39]. The scaffolds 
with interconnected pore architecture and high porosity are of critical importance to 
ensure cellular penetration within the construct and sufficient supply of nutrients. 
Moreover the interconnected pores aids in the flushing out of waste products from the 
scaffold[40]. Finally the porous structure can help the integration of the scaffolds by 
interlocking with surrounding tissues thus improving its mechanical stability[38]. 
Mean pore size is an essential aspect for a tissue engineering scaffolds as a small pore 
size could limit cell migration and vascularization, nutrient diffusion and waste 
product removal. On the contrary, large pores will reduce the specific surface area for 
attachment of cells[41]. A pore size in the range of 150 µm is suitable for the cell 
adhesion and migration within the scaffolds[42]. Cell proliferation can be improved 
on the scaffolds with smaller pore size (100-150 µm) through an higher porosity, in 
the range of 90%[43]. Consistent with the previous reports mentioned earlier, the 
mean pore sizes of the freeze-dried 3D silk and silk/SD-MBG composite scaffolds 
measured on the base of the FESEM images were 145 ±20 µm and 153 ± 23 µm, 
respectively with the mean porosity value of 88.8±0.5 vol. % and 89.5±0.1 vol. % 
respectively making it as a suitable structure for tissue engineering applications.  The 
silk scaffolds showed smooth trabeculae (Fig. 5b) whereas the composite scaffold 
showed the SD-MBG particles embedded in the trabeculae (Fig. 5d) and hence the 
walls of the silk fibroin scaffolds has rough surface topography.  
 FTIR analysis was performed to study the conformational change in the silk 
fibroin structure after ethanol treatment, which tends to improve the stability of silk 
fibroin based scaffolds. ATR-FTIR spectra reported in Fig. 7 shown a clear shift of 
amide I band from 1650 cm-1 to 1620 cm-1 after ethanol treatment, which confirms the 
shift of secondary structure from random coil to ß- sheet conformation[44], that 
improves the stability of silk in both silk and silk/SD-MBG scaffolds. The secondary 
band of amide I at 1700 cm-1, that is present only in the samples after ethanol 
treatment, also indicate the formation of anti parallel arrangement of fibroin chains in 
ß- sheet domains in the ethanol treated samples[45,46].  
 To the best of our knowledge, spherical shaped mesoporous bioactive glass 
particles have been incorporated with the silk fibroin matrix for the first time and 
proved to be effective in improving the mechanical characteristics of the composite 
scaffolds. Basically, the mechanical behavior of the composite scaffold strongly 
depends on the size and aspect ratio of the inorganic phase, particle-matrix adhesion 
and particle amount. The modulus of a composite scaffold can be increased with the 
incorporation of the micro/nano particles while the strength is dependent on the stress 
transfer between the particle and the matrix[47]. The absence of SD-MBG 
agglomerates (Fig. 6b) is an index of the homogeneous distribution of the glass 
particles in the silk matrix. Both the SD-MBG distribution and their good cohesion 
with the silk matrix are responsible for the 4 times increase in collapse strength from 
0.2 MPa to 0.9 MPa and for the 7 times increase in the stiffness (i.e elastic modulus) 
of the composite scaffolds compared to the silk ones (from 1.1 MPa to 6.9 MPa). In 
the study reported by Wu et al., mesoporous bioactive glasses incorporated into silk 
scaffolds improved mechanical properties compared to silk scaffolds. This 
enhancement was attributed to the presence of nanopores that improved the cohesion 
between silk and MBG particles[20]. Likewise, the presence of nanochannels in the 
SD-MBG contributes to the good cohesion of the inorganic phase with the silk 
solution. The elastic modulus and collapse strength of the silk/SD-MBG are higher 
compared with the earlier reported values of silk/EISA-MBG composite scaffolds 
prepared by freeze-drying technique, i.e. (σ* - 0.42 MPa & E* - 0.7 MPa)[20]. The 
increase in the mechanical properties may be attributed to the uniform shape and 
small size of the inorganic phase and the better distribution of the SD-MBG particles 
in the silk matrix. The inclusion of inorganic phase showed a slight decrease in the 
deformability of the silk/SD-MBG composite scaffolds (i.e. collapse strain) and the 
collapse modulus is increased twice than that of silk scaffolds. The mechanical 
property of the silk/SD-MBG scaffolds significantly improved with MBG 
incorporation. However, the silk-based scaffolds prepared by freeze drying shows 
very high porosity that causes the lower elastic modulus and collapse strength of the 
scaffolds than those of the cancellous bone. Hence, these composite scaffolds can be 
used for non- load bearing applications. In further studies, the scaffolds mechanical 
properties could be further enhanced by increasing the SD-MBG wt% in the scaffold 
and/or lowering the scaffold porosity. 
 Generally, when the contact angle of the material is higher than 90º, it is said 
to be hydrophobic and if less than 90º is hydrophilic. Cell-material interaction has a 
crucial role in the adhesion, growth and differentiation of cells in the scaffolds. Cells 
adhere with the scaffolds through cell/scaffold interface, so the surface characteristics 
like hydrophobicity, texture and topology are fundamental to have suitable cell 
response [48]. The contact angle of the silk and the silk/SD-MBG composite scaffolds 
were found to be 105.3º±1.6º and 71.2º±2.9º respectively as shown in Fig. 9. The 
decrease in contact angle in the silk/SD-MBG composite scaffold was attributed to 
the addition of hydrophilic SD-MBG particles to the silk matrix. Moreover, the 
addition of SD-MBG increased the trabeculae roughness (Fig.6d), which has 
influence on the textural property of the scaffolds that might contribute to the 
decrease in contact angle of the silk/SD-MBG scaffolds [49]. The increase in 
hydrophilicity of the scaffolds can enhance the adsorption of protein over the surface 
of the biomaterial and thus being responsible for the increase in cell adhesion[50]. 
Decrease in the hydrophobicity of the surface can improve the adhesion of osteoblast 
cells over the surface, which was reported earlier. This shows the incorporation of 
SD-MBG also helps in reducing the hydrophobic nature of the scaffold thus attracting 
the cell adhesion[51].  
The formation of hydroxyapatite (HA) on the surface of the biomaterial in SBF, 
whose ion concentrations is nearly equal to those of human blood, is called in vitro 
bioactivity. This study is an important indicator for the in vivo bioactivity and the cell-
tissue interactions. The silk/SD-MBG scaffolds exhibited an excellent hydroxyapatite 
forming ability readily in 1 day after immersing in SBF (Fig. 10 a) and the study was 
progressed till 28 days resulting in abundant spherical shaped HA formation visible in 
the scaffolds as evident from the FESEM images (Fig. 10 (b-e)). The carbonate band 
in FTIR spectra started to appear with in a day of immersion in SBF and the sharpness 
of the band is more in case of samples immersed for longer period (28 days) that 
portrays the formation of carbonated hydroxyapatite. The apatite forming ability is 
attributed to the presence of SD-MBG particles in the composite scaffolds. Scaffolds 
incubated for 28 days showed maximum deposition of hydroxyapatite over the 
scaffold (fig 10e). CaO (20 mol%) in the SD-MBG induces the ionic exchange 
between Ca2+ and H+ of SBF that increases the silanol on MBG surface, which, 
subsequently results in biomineralisation. The increase in the hydroxyapatite 
deposition in the silk/SD-MBG composite scaffolds was due to an increased 
exposition of SD-MBG particles to the aqueous environment with time. In fact, at the 
beginning they were totally embedded on the silk matrix, while with time an 
increased exposition of SD-MBG particles occurred due to the surface erosion of the 
silk matrix in the aqueous milieu. As expected there is no hydroxyapatite formation 
on pure silk scaffolds as it lacks bioactivity, which was confirmed, further with ATR-
FTIR results, as there is no spectral bands for phosphate. The EDX spectra (Fig. 12a) 
again confirm the presence of calcium and phosphate in the silk/SD-MBG scaffolds 
immersed in SBF. In the preliminary studies (Fig.S1), we found the presence of Si 
peak in the EDX spectrum after a day of immersion of silk/SD-MBG scaffolds and as 
the day progresses the peak for Si was diminished in 14th day sample as shown in Fig 
13 that results in the thick layer of hydroxy apatite with the dissolution of SD-MBG 
spheres. The molar ratio of Ca/P as per EDAX is 1.63 and the values are in reach with 
the stoichiometric biological apatite[37] These results confirm that the presence of 
SD-MBG particles improves the bioactivity of silk-based scaffolds.  
 Presto Blue assay showed an increase of cell viability along the cell incubation 
period (Fig. 13). The presence of the SD-MBG particles resulted in slightly lower cell 
viability compared to the control, polystyrene tissue culture plates, after 4 days of cell 
seeding, showing good biocompatibility of the silk/SD-MBG scaffolds. This also 
confirms that the processes of migration, adhesion and proliferation within the porous 
scaffolds were not interfered. As shown in Fig. 14, the higher ALP activity detected in 
silk/SD-MBG samples in comparison with pure silk scaffolds is related to a positive 
effect of the addition of the MBG particles, causing a statistically significant increase 
from 0.108 ± 0.037 to 0.248 ± 0.056 after 14 days of cell culture. 
 
 
 
 
 
 
 
 
 
 
 
 
6. Conclusion 
Silk and silk/SD-MBG-based composite scaffolds were prepared by freeze-drying 
technique. The incorporation of SD-MBG particles improved the physico-chemical 
and biological properties of the composite scaffolds compared to its pure silk 
counterpart. The scaffolds have shown highly interconnected pores with very high 
porosity values and a macroporous architecture that made it a valid candidate for bone 
tissue engineering scaffold. The mechanical properties of the composite scaffolds 
showed a significant increase compared to pure silk scaffolds, due to the uniform 
distribution of the SD-MBG particles. The introduction of SD-MBG particles reduced 
the contact angle of composite scaffolds and may positively influence the cell-
biomaterial interaction. The SD-MBG addition countered the lack of bioactivity of the 
silk scaffolds inducing the precipitation of hydroxyapatite layer on their surface only 
after a day of incubation in simulated body fluid. The in vitro cell studies showed a 
good biocompatibility of the scaffolds indicating their potential for use as 3D 
scaffolds for bone tissue engineering. 
  
Figures 
 
 
 
Fig. 1: Preparation of silk/SD-MBG based composite scaffolds and silk based 
scaffolds (dotted box). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.2: FESEM image of calcined SD-MBG  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: N2 adsorption-desorption isotherm at 77K on SD-MBG 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Particle size distributions of SD-MBG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. FESEM image of 6% silk (a, b) and 6% silk/SD-MBG (10:1) wt% composite 
(c, d) scaffolds prepared by freeze-drying. Arrows showing the presence of SD-MBG 
particles embedded in the silk matrix (d1 ). 
 
 
 
 
 
 
 
 
Fig. 6. Micro-CT results showing the projections on the three planes and the 3D 
model of the structure of a) 6% silk scaffolds and b) silk/SD-MBG composite 
scaffolds 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
Fig. 7. ATR-FTIR analyses of 6% silk and silk/SD-MBG composite scaffolds before 
and after ethanol treatment showing conformational change.a) Ethanol treated 
silk/SD-MBG scaffolds, b) Ethanol treated silk scaffolds, c) as prepared silk/SD-
MBG scaffolds d) as prepared silk scaffolds. Vertical lines in the graph indicate the 
shift of the amide I, amide II and amide III bands of the untreated scaffolds that can 
be used for the comparison with the band position of the ethanol treated samples. The 
arrows indicate the formation of secondary amide band after ethanol treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 8. Examples of stress–strain curves obtained for the porous silk scaffolds and 
composite scaffolds compressed at a strain of (0–80%). The crosshead speed was 0.1 
mm s–1. The linear elastic region, collapse plateau, and densification region are 
indicated on the composite scaffold curve. The elastic (E*) and collapse (E’) modulus 
of the scaffolds have been measured has the slope of the elastic region and collapse 
plateau, respectively, while the collapse strength (σ*) and strain (ε*) were calculated 
as the strength and strain values at the end of the linear elastic region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Contact angle measurement for 6% silk and silk/SD-MBG composite 
scaffolds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
  
 
 
  
 
Fig. 10. FESEM images of the silk/SD-MBG based composite scaffolds after 
immersion in SBF after a) 1 days, b) 3 days c) 7 days d) 14 days e) 28 days; f) silk 
scaffold (control, 28 days) 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. ATR-FTIR spectra of a- SD-MBG powders, b - silk/SD-MBG scaffolds without 
treatment (or maybe better before soaking in SBF…) c - silk scaffolds after SBF treatment 
after 28 days, d – silk/SD-MBG scaffolds after a day , e – silk/SD-MBG scaffolds after SBF 
treatment after 28 days  
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Fig.12 a - SEM image of the silk/SD-MBG based composite scaffolds after 
one day immersion in SBF, b – EDAX point spectra on hydroxyl apatite precipitate  
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Fig. 13. Biocompatibility studies on silk and silk/SD-MBG based composite scaffolds 
with rat Bone Marrow stromal cells (BMSC). Tissue culture plates were used as 
control 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. ALP activity on silk and silk/SD-MBG based composite scaffolds with 
BMSCs. Tissue culture plates were used as control. The values were normalized for 
cell number calculated using the PicoGreen® dsDNA reagent. 
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